Pluripotent cellular models have shown great promise in the study of a number of neurological disorders. Several advantages of using a stem cell model include the potential for cells to derive disease relevant neuronal cell types, providing a system for researchers to monitor disease progression during neurogenesis, along with serving as a platform for drug discovery. A number of stem cell derived models have been employed to establish in vitro research models of Huntington's disease that can be used to investigate cellular pathology and screen for drug and cell-based therapies. Although some progress has been made, there are a number of challenges and limitations that must be overcome before the true potential of this research strategy is achieved. In this article we review current stem cell models that have been reported, as well as discuss the issues that impair these studies. We also highlight the prospective application of Huntington's disease stem cell models in the development of novel therapeutic strategies and advancement of personalized medicine.
Introduction
Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder. The disease is caused by an unstable expansion of CAG repeats in the coding region of the Huntingtin gene IT15 (MacDonald et al., 1993) . The mutation produces a stretch of glutamine residues spanning the N-terminus of the Huntingtin protein (HTT). HD on estimate affects 7-10 per 100,000 individuals and is most prevalent in population of European origin (Gil and Rego, 2008) . In general populations the repeat average is less than 36 units. Individuals with repeats of ≥ 40 units are at risk of developing HD as their lives progress (Li and Li, 2006; Gil and Rego, 2008) . Currently HD is a fatal diagnosis for which there is no cure. Existing treatments are aimed at the alleviation of symptoms, however, therapies that slow or reverse disease progression have yet to be implemented. Studies suggest that the aggregation of mutant HTT fragments is the major cause of toxicity, specifically damaging cortical and striatal medium spiny neurons in HD patients (Davies and Ramsden, 2001; Li and Li, 2006; Gil and Rego, 2008; Imarisio et al., 2008; Ross and Shoulson, 2009; Sassone et al., 2009; Johnson and Davidson, 2010) . The mechanisms placing these specific neuron populations at risk is a critical question.
Throughout the literature, a number of strategies have been used to uncover the pathology of HD and other neurological disorders. The hallmark of HD is neurodegeneration, predominantly in the striatum and cortex (Sapp et al., 1997) . Nuclear inclusions of HTT in striatal neurons actually precede symptom onset (Laforet et al., 2001) . A loss of enkephalinergic neurons in the external segment of the globus pallidus is also typical of presymptomatic HD (Deng et al., 2004) . During the symptomatic phase of HD, the external segment of the globus pallidus, the substantia nigra pars reticulata, and the substantia nigra pars compacta are severely degenerated (Deng et al., 2004) . GABAergic and parvalbuminergic striatal projection neurons are also severely affected (Hedreen and Folstein, 1995) . Initial insight regarding the neuropathology of HD was identified in postmortem brain tissue from human HD patients (DiFiglia, 1997; Sapp et al., 1997) . This method of study is limited in that it represents the end-stages of the disease Marchetto et al., 2011) . Observations made from post-mortem brain tissue have identified key cellular phenotypes associated with HD, however, these may only uncover secondary phenotypes leaving the primary causes unidentified Marchetto et al., 2011) . A number of transgenic animal models have been successfully developed for the study of HD and other neurodegenerative disease (Faber et al., 1999; Gunawardena et al., 2003; von Horsten et al., 2003; Miller, 2005; Yang et al., 2008; Jacobsen et al., 2010; Yang et al., 2010) . This has allowed researchers to study the progression of disease longitudinally providing greater insight into causal disease mechanisms. However, in the study of neurological disorders, rodent models are limited by the fundamental differences from humans. Often rodent models do not fully recapitulate human neuronal phenotypes (Chan, 2009; Marchetto et al., 2011) .
To overcome the limitations of using post-mortem tissues and rodent models, a number of recent studies have explored the use of embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) as cellular models for disease research and the development of biomedical applications. The ability of pluriotent cellular models to differentiate to neuronal lineages is an attractive feature for the study of neurodegenerative and neurodevelopment diseases including HD Lunn et al., 2011) . Furthermore developments in iPSC strategies are important for the advancement of personal cell therapy as well as the production of in vitro models for drug discovery research (Saha and Jaenisch, 2009; Tiscornia et al., 2011) . In this review we discuss recent literature describing efforts to derive stem cell based models of HD and challenges that remain in the field. We also review the potential roles that stem cell strategies may play in drug discovery and translational applications.
Stem cell derived models of HD
A major area of HD research is directed toward understanding and modeling mechanisms contributing to the degeneration of GABAergic medium spiny neurons observed in patients (Li and Li, 2006; Ma et al., 2012) . ESCs and iPSCs can be differentiated to neuronal lineages upon appropriate induction providing a unique opportunity to observe disease related changes as neurons and glia develop. Impressive advances in cellular reprogramming technology have driven the utilization of patient derived iPSCs that mirror the disease causing mutation found in the donor (Park et al., 2008) . Human iPSCs with disease traits can be generated directly from human patients, a strategy that has shown promise in modeling a number of neurological diseases including autism spectrum disorders, Parkinson's disease, and amyotrophic lateral sclerosis (Dimos et al., 2008; Johansen et al., 2009; .
Current established stem cell models of HD
In this section we describe the number of mammalian stem cell models for HD established by ESC and iPSC techniques, including primary neural progenitor cells (Table 1) . The neuropathologic features of HD have been most extensively modeled in vivo in rodents. Using the transgenic R6/2 mice, the generation of 11 mouse HD iPS cell lines originating from fibroblast of R6/2 mice was reported (Mangiarini et al., 1996; Castiglioni et al., 2012) . Mouse fibroblasts were reprogrammed using four Yamanaka factors in a single retroviral infection. In the cell lines, transcriptional alteration of genes was involved in cholesterol biosynthesis and lysosome biogenesis. Their cellular models, however, did not show any differences when compared to wild type cells in regards to differentiation and proliferation (Castiglioni et al., 2012) . Dong et al. (2011) reported an alternative approach to model HD in a rat in vitro model. The authors transfected rat neural progenitor cells with an HTT exon-1 transgene with expanded CAG repeats. They observed mutant HTT aggregation and neuronal death paralleling neural development. The observed phenotypes were exacerbated in the cell line carrying a larger CAG repeat number (Dong et al., 2011) . Although the R6/2 mouse is a valuable model for uncovering new cellular mechanisms or potential drug candidates for HD, it is also informative to study animal models with a slower phenotype development which parallel the more gradual progression of pathogenesis in humans. Transgenic mice which express the full-length protein of mutant HTT typically exhibit more moderate symptoms of HD, however, with distinguishable neurological impairment compared to wild-type controls (Gray et al., 2008) . Indeed, the BACHD mouse expressing the full-length mutant human HTT gene exhibit many of the same neurobehavioral deficits as the R6/2 mouse, including decreased rotarod performance, diminished locomotion in open field tests, and increased anxiety (Gray et al., 2008) . Accordingly, a recent study compared the behavioral patterns of various HD animal models and concluded that, overall, the BACHD mouse exhibited the most profound phenotype when expressing full-length mutant HTT and would be the most amenable for the development of novel treatments (Menalled et al., 2009 ).
Due to the anatomical and developmental similarities between non-human primates (NHPs) and humans, there is great interest in the development of NHP models for HD. Our group produced the first transgenic HD rhesus macaques and have since then reported a number of stem cell derived in vitro studies Chan et al., 2010; Laowtammathron et al., 2010; Snyder et al., 2011) . Of the studies published by our group, all of the stem cell derived models showed enhanced expression and aggregation of the mutant HTT proteins as well as the development of nuclear inclusions at the advent of neuronal differentiation (Huang et al., 2008; Chan et al., 2010; Laowtammathron et al., 2010; Snyder et al., 2010; Snyder et al., 2011) . Work is also being done to characterize a number of iPSC lines derived from rhesus monkeys currently being monitored in a longitudinal study (unpublished) .
Perhaps the most clinically relevant work being done in the field is the establishment of human iPSC lines from patients with HD mutations. By deriving pluripotent cells directly from patients it is possible to capture and investigate gene mutations that directly reflect the disease population. Efforts toward this goal in HD were first described by Verlinsky (2005) followed by Mateizel (2006) using embryos identified in preimplantation diagnosis genetics (PDG). Human ESC lines were established from donated mutant embryos and characterized to show properties of pluripotency, genomic integrity, and presence of expanded CAG repeat size (Mateizel, 2005; Verlinsky et al., 2005; Niclis et al., 2009; Bradley et al., 2011) . These lines were made available for research, however, follow-up study has been limited and no disease relevant phenotypes have been reported. The first human iPSC (hiPSC) line was described by Park et al. (2008) , however, initial phenotypic characterization was not reported and a slight increase in caspase activity in iPSC derived neurons after the removal of growth factors from the culture medium was only observed in a follow-up study (Park et al., 2008; Zhang et al., 2010) . In a more recent study, additional iPSC lines derived from patients with homozygous and heterozygous HTTHTT mutations were reported to show increased lysosomal activity when compared to control iPS cells. Similar to previous models, this study failed to recapitulate any other proposed neuronal phenotypes such as elevated apoptosis or the formation of nuclear inclusions.
Challenges in modeling HD in iPSCs
Great strides have been made in the advancement of iPSC technology, and the ability to generate pluripotent models that are genetically identical to disease patients remains an attractive feature. However, the recapitulation of neuropathologic phenotypes in vitro remains a challenge in the field. Due to the late onset and progressive nature of HD, it is unclear whether disease related cellular phenotypes can be robustly demonstrated in a stem cell model. Of the studies that showed a degree of success in mirroring pathologic cellular features, over-expressed mutant HTT fragments or exaggerated CAG repeat numbers are necessary to induce phenotypes (Table 1) . It has been argued whether the expression of full length mutant HTT or truncated mutant HTT fragments is more advantageous in modeling HD (Crook and Housman, 2011) . The full length HTT models can more closely replicate the genetic cause of the disease in humans, however, models of this sort have shown minimal cellular phenotypes and insignificant reduction in life span (Gusella and MacDonald, 2006; William Yang and Gray, 2011) . In contrast, animal and cellular models expressing truncated forms of the mutant gene produce more dramatic phenotypes, but it is debated whether these genetic modifications truly represent the true disease etiology of HD (Crook and Housman, 2011; William Yang and Gray, 2011) . Another concern in HD stem cell models is CAG repeat length instability (Juopperi et al., 2011) . Niclis et al. (2009) described the expansion of CAG repeats in a human ESC derived stem cell model for HD. It is not clear the impact of CAG expansion on stem cell model of HD after long term culture and needs to be determined Challenges also remain in the establishment of methods to efficiently derive disease specific neuron sub-types. A major limitation is the sub optimal yield of mature functional neurons at an adequate level of homogeneity to make high-through put assays feasible (Gerrard et al., 2005; Li et al., 2005; Dhara et al., 2008) . To resolve these issues, an increasing number of studies are focused on the establishment of neural stem cells (NSC) and neural progenitor cells (NPC) to serve as an intermediate in cell culture based neurological disease studies (Li et al., 2005; Erceg et al., 2009; Koch et al., 2009; Conti and Cattaneo, 2010; Winner et al., 2011) . Additional work has been done to better define a neuronal restricted population of NSC/NPC in order to reduce contamination of unwanted cell types resulting from spontaneous differentiation protocols (Pruszak et al., 2007; Yuan et al., 2011) .
It has been hypothesized that exposing disease cells to stress agents that mirror age related factors may enhance the development of cellular phenotypes (Jung et al., 2012 ). An example is the exposure to oxidative stress or hypoxic conditions . Popular hypotheses suggest HD may develop in a non-autonomous manner, and that pluripotent models should include attention to abnormalities in supporting neuronal cells, such as glial cells, which may play a role in HD pathology (Castiglioni et al., 2012) .
HD stem cells as a platform for drug discovery
A popular and promising direction in the search for novel therapeutic strategies in neurodegenerative disorders is the use of stem cells and stem cell derived neural precursors as a platform for drug discovery (Grskovic et al., 2011; Inoue and Yamanaka, 2011) . Patients with HD have a very few disease modifying treatments available, and the search for novel therapeutics is an active field of research. The inherent property of stem cells to differentiate to neuronal subtypes allows for studies in neurogenesis and differentiation (Johnson and Davidson, 2010; Zuccato et al., 2010) . Optimal HD stem cell models should produce robust and reproducible cellular phenotypes that mirror pathological features observed in human patients (Niclis et al., 2009; Saha and Jaenisch, 2009 ). The establishment of such models will allow researchers to monitor phenotype progression as neurons develop, and may provide a key advantage in evaluating the timing at which therapy is most efficacious (Grskovic et al., 2011) . In humanized stem cell models of HD, iPSCs provide a patient specific drug evaluation platform that may serve as a preclinical indicator as to how the unique genetic background of the patients will respond to a candidate therapy.
Stem cells models for drug screening
The few treatments that are available to the HD patient population are mainly for alleviation of symptoms, suppression of involuntary movements, improving mood, and regulation of appetite and sleep (Ross and Shoulson, 2009; Mestre and Ferreira, 2011; Morse et al., 2011) . There has been very little progress in the discovery of treatments that slow disease progression. There is a particular interest in the discovery of small molecule compounds that inhibit the toxic effects of mutant HTT and reduce neurodegeneration (Fecke et al., 2009; Morse et al., 2011) . Stem cell models for HD have the potential as power tools for highthroughput screening of compounds and small molecules that may mediate HD toxicity. Patient derived iPSCs also will provide valuable data on the efficacy and safety of drugs on a non-cancerous, non-immortalized human cell line. This approach depends on the identification and validation of effective targets, followed by phenotypic assays that screen for the reversal of cellular phenotypes observed in cellular based assays (Fecke et al., 2009; Johnson and Davidson, 2010; Morse et al., 2011) . Challenges to this approach include the identification of consistent, robust disease markers. This will be a major obstacle to overcome before we see any major progress in this field.
Stem cell derived neurons serve as a platform to study neurogenesis and nueroprotection
Among the new therapeutic development in HD, promoting neuorogenesis in the adult brain is one of the most popular targets. It is hypothesized that supplementation with growth factors stimulating expansion and differentiation of the adult neural stem cell population may result in the replacement of damaged apoptotic neurons (Wu et al., 2010; Morse et al., 2011) . Numerous animal studies have reported the effects of neurotophic factors as a neuroprotective strategy to slow the degeneration of affected neurons in HD ). Brain derived neurotrophic factor (BDNF) is one such protein that has received much attention across a broad spectrum of neurological disorders Zuccato et al., 2010) . HD stem cells can be used for the evaluation of single cell properties that are impacted by supplementation with neuroprotective compounds before efficacy is investigated in vivo.
HD is a good candidate for gene therapy
HD is caused by a single gene repeat expansion (MacDonald et al., 1993) . The predictable inheritance and dominant penetrance of the disorder make HD a prime candidate for gene therapy approaches. There has been much progress in the area of using small non-coding RNAs as a therapy to mediate HTT gene expression (Bilsen et al., 2008; Johnson and Davidson, 2010; Zhang and Friedlander, 2011) . Multiple studies in rodent models report the benefit and tolerance of silencing mutant and normal alleles of HTT gene (Harper, 2005; Boudreau et al., 2009; Drouet et al., 2009 ). McBride et al. (2011 confirm the safety of HTT knockdown in rhesus macaque, further validating the non-coding RNAs as a potential therapy in HD (McBride et al., 2011) . The majority of current studies are based on animal models, however, HD iPSCs derived from patients may provide a platform to investigate the impact of gene silencing on human cells against patient specific genetic background.
Prospect of stem cell based therapy in HD
In recent years, stem cell based transplantation studies have provided new and exciting avenues for the treatment of numerous neurological disorders (Kim et al., 2008) . Several studies utilizing genetic and chemical rodent HD models have demonstrated the potential of neural stem transplantation as a therapeutic option (Lee et al., 2009; McBride et al., 2011; Ma et al., 2012) . There have also been several cellular transplantation trials with human HD patients that show mixed results as to the benefit of cellular therapy for HD (Bachoud-Levi et al., 2006; Krystkowiak et al., 2007; Reuter et al., 2008; Cicchetti et al., 2009) . Although this therapeutic approach is promising, there are a number of barriers that impede progress in this field. A major concern is the propensity of grafted stem cell to form tumors. To overcome this, researchers are exploring the use of lineage restricted pluripotent populations such as neural stem cells and mesenchymal stem cells (Jung et al., 2012) . Exploring these strategies in NHP models of HD will also provide important insight into the efficacy and safety of stem cell therapy, as well as provide pre-clinical models in which novel applications of the research in this field can be explored.
Concluding remarks
Advancements in the fields of cellular reprogramming and stem cell technology provide new opportunities for the investigation of neurodegenerative diseases and therapies using stem cell models. Features of pluripotent cellular models allow researchers to observe disease related phenotypes during neurogenesis, as well as establish a starting population from which to derive disease relevant cell types for the identification of pathological phenotypes. Although several stem cell models of HD have been established in multiple species, few models robustly recapitulate HD phenotypes (Table 1 ). It is clear that modeling late-onset progressive diseases will require further advances. Furthermore, optimization of neuronal differentiation and development of phenotypic assays will increase the utility of HD stem cell models as platforms for the discovery of drug targets and the screening of therapeutic compounds. As advancements are made in stem cell technology and HD mechanisms are uncovered, stem cell models will play a critical role in conjunction with animal models towards breakthroughs in the translational research of HD and personalized medicine. 
